. Eflect of exercise on rat muscle protein synthesis and intramuscular free 3-methylhistidine All rats were 100-159g body wt. and had been provided with food ad libitum. Experiments conducted with living rats were performed with single doses of ('4Cltyrosine and IMe-'4Clmethionine, and a time course of precursor specific activity was constructed by killing rats at intervals. Exercised rats ran on a treadmill at 0.8m.p.h., 5% grade. [Results are from Bates er al. (1980) .1 Synthesis rates obtained in perfused rat hindquarter were calculated from the incorporation of I l4C1tyrosine into mixed muscle protein from perfusate containing plasma concentrations of amino acids (except 5 x tyrosine), 4.5% bovine serum albumin, rejuvenated human erythrocytes and 100 punits of insulin/ml. Isometric contraction of the muscles of the hindquarter was induced by electrical stimulation of the femoral and sciatic nerves in their lumbar course by trains of stimuli (looms trains, 1 train/% IOOHz, 0.05ms stimuli). IResults are from M. J. Rennie (unpublished work follows exercise. The decline in IL3C1leucine oxidation after the exercise was accompanied by large increases in plasma and urine 0x0 acid concentrations. These results suggest that the activity of the supposedly rate-limiting branched-chain 0x0 acid dehydrogenase is regulated to increase the oxidation of branched-chain amino acids during muscular work and to decrease it on cessation. Such a response in the activity of the enzyme is feasible, since it has been shown to be subject to a variety of control mechanisms (Parker & Randle, 1980 Amino acids are one of the major sources of carbon for hepatic gluconeogenesis. The normal circulating concentration of many of the glucogenic amino acids is below that which is saturating for the pathway of glucose synthesis in the liver. The delivery of amino acids from peripheral tissues to the liver is therefore a major factor in determining the rate of hepatic gluconeogenesis. Because skeletal muscle represents the major reservoir of body protein (about 60%), this tissue serves as the principal endogenous source of amino acids. Much experimental evidence in animals and man has shown that more than 5096 of the amino acid release by muscle in post-absorptive or starvation situations is accounted for by alanine and glutamine, and that this propor- Vol. 8 tion greatly exceeds their relative abundance in muscle proteins (for references see Snell, 1980) . This and other evidence suggests that these animo acids are synthesized de nouo by muscle from other amino acids produced during protein degradation.
Fates of muscle alanine and glutamine
The significance of the release of alanine from muscle for hepatic gluconeogenesis has been reviewed extensively (Felig, 1973; Ruderman, 1975; Snell, 1979 Snell, , 1980 . Glutamine is apparently not removed from the circulation to any great extent by the liver, but is extracted by the intestine, where it is a major respiratory substrate (Hanson & Parsons, 1980) . Oxidation of glutamine leads to alanine formation and release, and the extent to which glutamine carbon can serve as a precursor for pyruvate for alanine formation will determine the extent to which glutamine-derived alanine can serve as a precursor for net 
Muscle alanine and glutamine synthesis during exercise
The advantage to the muscle of synthesizing alanine and glutamine from other amino acids is not entirely clear. Both amino acids may be involved in regulating the intracellular concentration of ammonia (preventing its accumulation to toxic concentrations). Ammonia formation accompanies muscular contraction through deamination of AMP, and indirectly of aspartate if this is linked to AMP resynthesis through the reactions of the purine nucleotide cycle (Lowenstein, 1972) . Glutamate transamination with pyruvate (to form alanine) rather than with oxaloacetate (to form aspartate) could serve to direct amino acid nitrogen away from the purine nucleotide cycle (see Fig. la) . Indeed it has been shown that ammonia formation during intense muscle contraction derives entirely from adenine nucleotide breakdown to IMP, and that this is accompanied by intracellular alanine accumulation in the contracting perfused hindlimb (Goodman & Lowenstein, 1977) and in contracting muscle in situ (Meyer & Terjung, 1979) . Alanine formation serves not only as an end product of nitrogen metabolism but also, together with lactate, as a glycolytic end product during vigorous contraction. It is also possible that amino acid deamination to form alanine could liberate the corresponding 0x0 acids, which may contribute to the energy requirements of the muscle. Felig & Wahren (197 1 ) found that with exercising human subjects alanine release was proportional to the intensity of work performed. Such findings have lead to the proposal of a 'glucose-alanine cycle' (Felig et al., 1970) in that alanine (like lactate) that is formed during muscular exercise may be released into the circulation and converted by the liver into glucose that may be used for the repletion of muscle glycogen stores. Alternatively, or in addition, it has been suggested that some repletion of muscle glycogen after exercise can take place in situ. The putative involvement of lactate (Meyerhof, 1922; Bendall & Taylor, 1970) Snell & Duff, 1979) in various skeletal muscles has suggested a pathway by which this might occur (Fig. lb) . Support for this pathway comes from the finding that mercaptopicolinate (a specific inhibitor of phosphoenolpyruvate carboxykinase) blocks [ "C ]lactate incorporation into glycogen in muscle (Connett, 1979) . In view of the role of amino acid deamination in the repletion of adenine nucleotides during recovery after muscle contraction (Meyer & Terjung, 1979) , it is possible that the deaminated amino acid carbon skeletons may also be involved in glycogen repletion via a pathway involving phosphoenolpyruvate carboxykinase (see Fig. 16 ). Again use of the inhibitor mercaptopicolinate has provided evidence consistent with this possibility (Odedra & Palmer, 1980) .
The role of glutamine during muscle contraction is less clear. In resting muscle preparations in vitro the addition of NH,CI 
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stimulates glutamine release at the expense of tissue glutamate while decreasing or having little effect on alanine release (Ruderman & Lund, 1972; Chang & Goldberg, 1978) . In the perfused rat hindlimb total glutamine production by resting muscle is over 4-fold greater than ammonia production, but the addition of methionine sulphoximine (a glutamine synthetase inhibitor) reverses this pattern (Goodman & Lowenstein, 1977) . However, during muscular contraction, when ammonia production increases markedly, there is no change in muscle glutamine production, either during contraction or the recovery phase (Goodman & Lowenstein, 1977; Meyer & Terjung, 1979) . In resting muscle the purine nucleotide cycle may turn over at a low rate so as to effect amino acid deamination, and ammonia so-generated is largely removed by glutamine formation. During contraction, the fall in intracellular ATP concentration (and in that of glutamate due to transamination to form alanine) will inhibit glutamine synthetase and prevent glutamine production.
Muscle alanine and glutamine synthesis during starvation
It has been argued elsewhere that for muscle alanine (via hepatic gluconeogenesis) and glutamine (via renal gluconeogenesis) to contribute to the net body glucose requirement in gluconeogenic situations such as starvation, diabetes etc. the carbon for their synthesis in muscle must originate from other amino acids (Snell, 1979 (Snell, , 1980 . Increased alanine production by muscle in starved rats has been demonstrated in vivo (Blackshear et al., 1974; Ruderman et al., 1977) , in the perfused hindlimb (Goodman et al., 1978) and in isolated epitrochlaris (Karl et al., 1976) , diaphragm (Snell & Duff, 1979) and extensor digitorum longus (D. A. Duff & K. Snell, unpublished work) muscles. In contrast, the release of glutamine is either unchanged or diminished during starvation (Karl et al., 1976; MacDonald et al., 1976; Goodman et al., 1978) . In any case it is not clear by what pathway the total carbon for glutamate (for glutamine synthesis) could be provided from other amino acids without invoking additional tricarboxylic acid-cycle inputs, such as acetyl-CoA. The supply of glutamine from muscle is clearly governed by considerations not entirely dictated by the gluconeogenic requirements of the animal, and may be under renal control in relation to acid-base regulation (see Goldstein et al., 1980). The proposed pathway for alanine formation de novo in muscle is shown in Fig. 2(b) . The branched-chain amino acids, which are the major amino acid donors for alanine synthesis (see Snell, 1980) , are oxidized to succinoyl-CoA, which after entering the tricarboxylic acid cycle can produce pyruvate for alanine synthesis by routes involving (a) phosphoenolpyruvate carboxykinase and pyruvate kinase, (b) NAD(P)-linked malate dehydrogenase (decarboxylating) or (c) 'oxaloacetate decarboxylase'. 'Oxaloacetate decarboxylase' activity is undetectable in either mitochondria1 (Wojtczak & Walajtys, 1974) (Fig. 20) . Inhibition of phosphoenolpyruvate carboxykinase activity by 1 mM-mercaptopicolinate in diaphragm (by 74%) and in extensor digitorum longus (by 94%) muscles decreased the valine-stimulated increase in alanine production by the muscles from starved rats in vitro by 60 and 50% respectively (Snell & Duff, 1977; D. A. Duff & K. Snell, unpublished work) . Taken together these data implicate the route of alanine synthesis de novo via phosphoenolpyruvate carboxykinase in skeletal muscle. Alanine synthesized in this manner would constitute a true gluconeogenic substrate in terms of whole-body glucose homoeostasis rather than simply a recycled carbon precursor (such as lactate). Several routes have been suggested for the catabolism of glycine (Meister, 1965) , but now the most prominent pathway of glycine catabolism in various vertebrates has been shown to be the direct cleavage of glycine to form methylenetetrahydrofolate, CO, and ammonia, followed by the further oxidation of methylenetetrahydrofolate to CO,, possibly by the sequential action of methylenetetrahydrofolate dehydrogenase, cyclohydrolase and 10-formyltetrahydrofolate-NADP+ oxidoreductase (Yoshida & Kikuchi, 1970; Kikuchi, 1973) .
The glycine-cleavage system, or so-called glycine synthase (EC 2.1.2.10), consists of four protein components, which have tentatively been named P-protein (a pyridoxal phosphatecontaining protein), H-protein (a lipoic acid-containing protein, initially called hydrogen-carrier protein), T-protein (a protein catalysing the tetrahydrofolate-dependent step of the reaction)
